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As well as developments in quantum dot 
technology offering hope for the realization 
of q uantum corn puters, various regions of the 
world are focusing on developing centres for 
nanotechnology, with potentially great ben- 
efit for compound semiconductor research. 
First coupled quantum dots 
for quantum computing 
In September physics professorAlbert M Chang 
(a 12-year veteran of AT&T Bell Laboratories' 
Microstructure Physics Research Department), 
doctoral physics student Heejun Jeong and 
electrical and computer engineering professor 
Michael R Melloch at Purdue University (West 
Lafayette, IN, USA) demonstrated the first exam- 
pie of two quantum dots spaced closely enough 
for the observation of quantum-spin i teractions. 
These are essential for the creation of semicon- 
ductor-based quantum computers, which could be 
faster and provide more memory than conven- 
tional technology (Science, 21 September issue). 
Other researchers have already built quantum 
computing devices based on man-made mole- 
cules containing fluorine atoms. However, many 
believe it will be difficult to scale them up to 
make large, workable computers. 
To create interconnected quantum dots, a GaAs 
heterostucture interface was spin-coated with a 
polymer, which was then patterned using stan- 
dard electron-beam lithography and etched, 
metal deposited and the polymer dissolved, 
leaving electrodes just 50 nm wide. 
The electrodes were then charged to drive elec- 
trons out of the surrounding area, leaving a pair 
of two-dimensional domains (beneath the top 
layer of the semiconductor and isolated from the 
rest of the substrate) which have a lithographic 
diameter of about 180 nm and each trap only 
about 20-40 electrons. But, after energizing the 
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Pictured - The quantum dots (in the centre, each just 180 nm 
m diameter) are groups of about 20-40 electrons. Purdue 
University created circuits by spin-coating GaAs with 
polymer, which was then patterned using standard electron- 
beam fithography, the lines filled with metal and the poly- 
mer dissolved, leaving behind electrodes just 50 nm wide. 
(Illustration by Albert Chang, Department of Physics) 
electrodes, the actual quantum dots centred 
inside those domains measured from just 120 nm 
down to 50 nm, depending on the voltages 
applied to the electrodes (the smaller the dots, 
the closer to room temperature they can be 
operated). 
Quantum computers would take advantage of a 
phenomenon described by quantum theory: 
atoms or electrons can be in two places at the 
same time, or they can exist in two states at the 
same time. Computers based on quantum 
physics could have quantum bits (or "qubits") 
that exist in both the on and off states simultane- 
ously, making it possible for them to process 
information much faster than conventional com- 
puters.A string of qubits would be able to calcu- 
late every possible on-off combinat ion simultane- 
ously, increasing the computer 's  power  and 
memory. 
Each quantum dot - like each transistor in a con- 
ventional computer  - forms a switch that defines 
a single qubit. For quantum computat ion to 
work, information must be exchanged between 
pairs of qubits. But because lectrons have a 
"spin" of either up or down, the direction of spin 
can be used instead of the on or off state of a 
transistor. "Each dot can have a one or a zero, 
because the spin can be up or down," Chang 
said. 
The researchers have been able to link two 
quantum dots, control how many electrons are in 
each dot and then detect the spin state in each 
dot.They are first to detect the individual spins 
of each of the two quantum dots linked together. 
Purdue establishing nanotechnology research centre 
In September, "Discover 
Purdue Week" at Purdue 
University (West Lafayette, IN, 
USA) was launched wi th  a 
groundbreaking ceremony for 
the US$100m Discovery Park. 
Purdue has already raised 
US$ 5 l m for the first building 
- the three-floor 71,000 ft 2 
Birck Nanotechnology Center  
(which includes 14,000 ft 2 of 
c leanroom and 19,000 ft 2 of 
lab space) - plus: 
• US$30m from Michael Birck 
(a member  of the Purdue 
Board of Trustees and chair- 
man of telecoms equipment  
manufacturer  Tellabs Inc); and 
• US$10m from Donald 
Scifres (co-chairman of the 
board and chief strategy offi- 
cer ofJDS Uniphase Corp. 
Construct ion is expected to 
begin in July 2001 and be 
completed by about the 
summer of 2004. 
"This new nanotechnology 
facility will posit ion Indiana to 
become a player in the 
'Silicon Valley' of the future," 
said Purdue president Martin 
C Jischke. "We were able to 
leverage state funding of 
US$5m to attract another 
Pictured - State and federal lawmakers, private donors and Purdue University 
faculty and administrators in September announced the US$100m Discovery 
Park, which will include the U555 I m Birck Nanotechnology Center. 
US Senator Evan Bayh (left) helped to secure federal funds to seed the venture; 
Purdue trustee and Tellabs chairman Michael J Birck (centre) and his wife 
Katherine contributed US$3Om; and Silicon Valley entrepreneur Donald and 
Carol Scifres contributed US$ l Om. Also pictured is Purdue University 
president Martin C Jischke (right). 
US$46m in private and federal 
dollars." 
George Adams, a Purdue 
adjunct associate professor of 
electrical and computer  engi- 
neering who headed the facili- 
ty's planning committee, said 
"Nanotechnology is still in its 
infancy and not yet dominat- 
ed by a particular geograph- 
ic location". 
Several eading universities in 
the USA have large laborato- 
ries for nanotechnology 
research, but those labs were 
designed primarily for conven- 
tional semiconductor  process- 
ing.The Purdue lab will be 
among the first designed 
specifically for nanotechnolo-  
gy research, said electrical and 
computer  engineering profes- 
sor James Cooper. 
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"Without being able to isolate each spin, you can- 
not do quantum computation," Chang said. 
Similarly, the researchers are able to control how 
many electrons occupy a quantum dot's outer- 
most energy level .When quantum dots contain 
only one electron in their outermost level, their 
spins can be detected by analyzing the f low of 
electricity through the dots, Chang said. 
The researchers had to infer that their quantum 
dots were working by observing a related macro- 
scopic phenomenon called the Kondo effect, 
which explains the enhanced resistivity, at low 
temperatures, of bulk materials with impurities. 
Kondo effect 
Double quantum dots have been suggested as an 
ideal model system for studying interactions 
between localized impurity spins in addition to 
the Kondo effect.The researchers demonstrated 
a Kondo effect in a series-coupled double quan- 
tum dot .When the many-body molecular states 
are formed, a splitting of the Kondo resonance 
peak in the differential conductance is observed. 
The occurrence of the Kondo resonance and its 
magnetic field dependence agree with a simple 
interpretation of the spin status of a double 
quantum dot. 
The Kondo effect in GaAs series-coupled double 
quantum dots could form the basis of quantum 
computers. 
For quantum dots operat ing as single-electron 
transistors (SETs), the Kondo effect suppresses 
conductance at low temperatures tbr a ground 
state with an even number  of electrons. If the 
ground state has an odd number  of electrons, 
then conductance through the dot can reach 
zero resistance due to the formation of a 
"puddle" of electrons that "screens" the spin 
of the dot. "By observing this kind of screening 
characteristic, we know that we have a spin 
effect happening inside the quantum dot," 
Chang said. 
Chang said this is "the first t ime that anyone has 
been able to use the Kondo effect to identify the 
spin state of each of the dots." With an even 
number  of electrons on a dot, the spins cancel 
out in pairs, eliminating the spin effect. "In order 
to have it perform as a qubit you just need an 
odd number  of electrons," Chang said. "But in 
order to know that you have a spin effect, you 
The researchers 
have been able 
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Taiwan government investing US$290m 
over 5 years in nanotechnology centre 
The Taiwan government  is
prepar ing to launch a major 
initiative for the development 
of nanotechnology b  invest- 
ing US$290m over five years 
in a research centre (to open 
in July 2002). 
The funds will target wo 
main areas: nanomaterials 
research and nanoelectronics 
development,  said Chen Tien- 
yuan, deputy director of the 
planning division at Taiwan's 
government-backed In ustrial 
Technology Research 
institute, wh ich  will run the 
program. 
About 100 researchers will 
initially be involved, but 
that number  may grow with 
academic and industry part- 
nerships. So far, ITRI is in talks 
with United Microelectronics 
Corp, the world's second 
largest sil icon wafer foundry. 
ITRI is also hoping to attract 
two of Taiwan's top universi- 
ties, Natiolml Taiwan Univer- 
sity in Taipei and Tsinghua 
University in I-Isinchu. Foreign 
partners will also be sought. 
Initially the centre will focus 
on developing core competen- 
cies in several areas, including 
devising means to assess the 
characterizations of nano- 
structures wi th  advanced 2D 
and 3D measurements at the 
atomic resolution level.The 
researchers will be exploring 
the behaviour of quantum 
dots, superlattices and the 
creation and application of 
basic nanoparticles, wires and 
tubes.They will then deter- 
mine how to manipulate and 
control  the structures. 
Within 5-10 years the centre 
plans to have successful appli- 
cations in nanoelectronic 
chips, energy storage systems 
such as batteries and fuel cells 
that will run mobile devices 
for months,  and flat-panel dis- 
plays using field emitters 
made of nanowires. 
Taiwan has had smaller proj- 
ects researching nanoscale 
devices, such as the National 
Nano Device Laboratories in 
Hsinchu (sponsored by the 
National Science Council). 
"We started research a few 
years ago but only in acade- 
mia," said NSC chairman Wei 
Che-ho. "This joint project will 
help us focus the separate 
efforts" and move more quickly 
toward the roll-out of com- 
mercial applications," he said. 
The NSC will also fired more 
research at universities, but 
will spend only a tenth  of 
ITRI's budget. 
* Late last month,  IBM Corp 
said it had developed a logic 
circuit with in a molecule, 
whi le a team of Japanese pro- 
fessors at Osaka University 
were claiming a less costly 
way to develop nanochains. 
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"We are already 
making devices 
to look for 
entanglement, 
but we are look- 
ing at a 2-5 year 
timeline to make 
further signifi- 
cant progress." 
Albert M Chang, 
physics professor, 
Purdue University 
need to observe it through some spin-dependent 
phenomenon like the Kondo effect." By using 
the Kondo effect, the researchers were able to 
verify that their quantum dots were manifesting 
the necessary spin state. 
Next, the team sought to verify that their two 
quantum dots were close enough together to 
interact in ways that could be useful for quantum 
calculations. Interaction between the dots was 
confirmed by measuring the differential conduc- 
tance of the transistor as the bias voltage 
between the source and drain was varied. 
In passing current through the quantum dot, 
the team observed that two peaks existed in the 
differential conductance of the SET as voltage 
was varied between the source and drain.An 
isolated SET would have only a single, zero-bias 
peak in the differential conductance. However, 
the researchers observed the splitting of this 
peak into two, thereby verifying that the quan- 
tum dots were interacting with each other. 
"That kind of interaction will give you the means 
for doing the elementary quantum-computational 
process," said Chang. 
"The special thing about what we have been able 
to accomplish is to put two quantum dots 
together and observe an effect that is related 
both to the spin physics of the system and the 
interaction, or coupling, between the dots.That 
has never been done before," said Chang. 
Continuing research will aim to not only detect 
the spins on each quantum dot, but to precisely 
control the spins. 
In future the researchers plan to demonstrate 
quantum entanglement. If they can show entan- 
glement, and if their measurements show that 
the dots are maintaining a coherence period long 
enough to do a quantum calculation, then they 
plan to build a real quantum computer (albeit 
one that performs a single operation). "We will 
try to implement the quantum exclusive 
operation," said Chang, who estimated that it 
will take several years to complete these next 
research steps. 
"We are already making devices to look for 
entanglement, but we are looking at a 2-5 year 
timeline to make further significant progress," 
he said. 
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NSF funds centresfor nanoscale research 
As part of a series of grants 
totalling US$150m in fiscal 
2001 for research in multiple 
disciplines, the USA's 
National Science Foundation 
(NSF) has announced awards 
estimated to total US$65m 
over five years to fund six 
major Nanoscale Science and 
Engineering Centers, including: 
• the Center for Electronic 
Transport in Molecular 
Nanostructures (US$10.8m 
to Columbia University) - in 
collaboration with industrial 
partners and national labora- 
tories - seeks to develop the 
understanding of charge 
transport in molecular 
structures. 
• the Center for Nanoscale 
Systems in Information 
Technologies (US$11.6m to 
Comell University), to 
advance the development of
nanoscale lectronics, photon- 
ics and magnetics with poten- 
tial impact on high-perform- 
ance electronics, information 
storage, communications and 
sensor technologies. 
• the Center for the Science 
of Nanoscale Systems and 
their Device Applications 
0AS$10.8m to Harvard 
University) - in collaboration 
with US and foreign academic 
partners, -to support an inter- 
disciplinary program explor- 
ing the properties of nanos- 
tructures for novel electronic 
and magnetic devices (includ- 
ing potential applications 
in quantum information 
processing). 
• the Center for Integrated 
Nanopatterning and 
Detection Technologies 
(US$11.1m to Northwestern 
University), to develop 
nanopatterning capabilities in 
the 1-100 nm scale for soft 
materials, with potential appli- 
cations in the design of chem- 
ical and biological sensors. 
• the Center for Directed 
Assembly of Nanostructures 
(US$10.Om to Rensselaer 
Polytechnic Institute) - a 
partnership between 
Rensselaer, the University 
of Illinois at Urbana- 
Champaign, Los Alamos 
National Laboratory, with 
additional support from New 
York State - to focus on the 
assembly of nanoscale build- 
ing blocks (of soft and hard 
matter) to design materials 
such as composites with 
applications in drug delivery 
and as sensors. 
• the Center for Nanoscience 
in Biological and 
Environmental Engineering 
(US$10.Sm to Rice 
University), a research 
and outreach program to 
focus on applications of 
nanoscience to bioengineer- 
ing and environmental 
engineering. 
"Together they will provide 
coherence and a longer-term 
outlook to US nanotechnolo- 
gy research and education," 
says Mihail Roco, head of the 
NSF initiative and chair of the 
National Science and 
Technology Council's sub- 
committee on Nanoscale 
Science, Engineering and 
Technology. 
The centres will develop new 
areas of research and help 
establish ananotechnology 
workforce. Other NSF grants 
will fund small, interdiscipli- 
nary research teams and indi- 
viduals doing exploratory 
research in a wide range of 
areas. 
The centres involve key part- 
nerships with industry, 
national laboratories and 
other sectors.They will sup- 
port education programs from 
the graduate to the pre-coltege 
level designed to develop a
highly skilled workforce, 
advance pre-college training, 
and to advance the public 
understanding of science 
and engineering. 
Photodetection from InP nanowires 
Jianfang wang, Mark S Gudiksen, 
Xiangfeng Duan,Yi Cui (of the 
Department of Chemistry and 
Chemical Biology) and Charles 
M Lieber (also of the Division 
of Engineering and Applied 
Sciences) of Harvard University 
(Cambridge, MA, USA) have 
characterized the fundamental 
photoluminescence (PL) prop- 
erties of individual, isolated InP 
nanowires to define their 
potential for photodetector 
applications (Science,August 
24, 2001,Vol 293, Issue 5534 
pp1455-1457 - a previous 
article in Nature 409, 66-69, 
4 January 2001 also described 
InP nanowire LEDs). 
The 5-50 nm-diameter 
nanowires were grown in the 
< 111 > direction by iaser- 
assisted catalytic growth using 
InP targets with 5% Au as the 
catalyst and 1% of Te or Zn as 
the doping element.TEM 
established a near-perfect lat- 
tice in the core of the wires, 
surrotmded by an 1-2 nm 
amorphous overlayer, attrib- 
uted to oxidation by air. 
Polarization-sensitive m asure- 
ments reveal an order-of-mag- 
nitude polarization anisotropy 
in the PL intensity recorded 
parallel and perpendicular to
the long axis of a nanowire. 
This is quantitatively explained 
in terms of the large dielectric 
contrast between these free- 
standing nanowires and the 
surrounding environment, as
opposed to quantum confine- 
ment effects. 
This intrinsic anisotropy was 
used to create polarization- 
sensitive nanoscale photode- 
tectors that may prove useful 
in photonic integrated circuits, 
optical switches and intercon- 
nects, near-field imaging, and 
high-resolution detectors. 
The polariztion anisotropy in 
the photocurrent is similar to 
the theoretical maximum of 
0.96 and is wavelength-inde- 
pendent for energies larger 
than the bandgap. Due to their 
small sizes, the devices are 
predicted to have detection 
times approaching 50-100 fs, 
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